Gametophytic self-incompatibility (SI), an important character for breeding seedless cultivars of Citrus, is known in pummelo, mandarin, and many hybrid cultivars with pummelo in their pedigrees. Only a little is known about the allelic variation in the self-incompatibility gene (S), S allele frequencies, and the genotypes of self-incompatible and semi-self-compatible cultivars. In this study, pollination of 'Banpeiyu' S 1 seedlings with 'Banpeiyu' and pollination between the S 1 seedlings were performed to determine homozygous S 1 seedlings for the S gene. Seventyeight Citrus accessions, including 55 pummelo accessions, were pollinated with each of two homozygous S 1 seedlings (S 1 S 1 and S 2 S 2 ). Pollen tube arrest in the style base of their pollinated pistils indicated that 23 accessions, including 'Banpeiyu', have an S 1 allele each and 16 accessions, including 'Banpeiyu', have an S 2 allele each. Frequency of accessions with S 1 allele was 29.9% (23 of 77 accessions examined) and S 1 allele frequency was 16.4% (23 of 140 alleles excluding S f allele). Frequency of accessions with S 2 allele was 21.3% (16 of 75 accessions examined) and S 2 allele frequency was 11.6% (16 of 138 alleles excluding S f allele). Pummelo accessions collected from Kagoshima Prefecture had S 1 alleles with two and half times higher frequency (56.3%) than that in all accessions examined. Of the 79 accessions, six accessions ('Banpeiyu', 'Iriki Buntan', 'Kaopang', Nagashima Buntan No. 6, Nagashima Buntan No. 7, and 'Soyu') were S 1 S 2 genotypes. The Citrus cultivars, whose S genotypes have been fully determined in this study, were '
Introduction
Self-incompatibility (SI) is defined as the inability of a fertile hermaphrodite seed plant to produce a zygote after self-pollination (de Nettancourt, 1977) . Generally, gametophytic SI is a genetically controlled phenomenon preventing seed set in self-pollinated plants producing functional gametes by a single S gene with multiple alleles (de Nettancourt, 1977) . After early studies on SI in Citrus by Nagai and Tanikawa (1928) and other researchers (Miwa, 1951; Nishiura and Iwasaki, 1963; Nuriyal, 1952) , Soost (1965 and 1969) suggested on the basis of the segregation of self-incompatible seedlings in progenies from several crosses that SI in Citrus is a gametophytic system, and estimated a codominant SI gene (S) consisting of one self-fertility allele (S f ) that resulted in self-compatibility and at least eight S alleles (S n ) that resulted in pollen tube arrest in self-pollinated pistils.
SI is one of the important traits for seedless fruit production as many Citrus plants have a high degree of parthenocarpy (Iwamasa and Oba, 1980; Vardi et al., 2000; Yamamoto and Tominaga, 2002) . In Citrus, unlike Rosaceae fruit trees for which studies on the SI system or S-RNase-SLF/SFB gene system have been performed at the molecular level (Yamane and Tao, 2009 ), there is no or only a little information about the number of S 405 genes, S-allelic variation, S-allele frequencies, and S genotypes of cultivars (Ngo et al., 2010; Wakana et al., 1998) . Wakana et al. (1998) found that some crosses with self-incompatible cultivars resulted in segregation distortion in the progenies for glutamate oxaloacetate transaminase (GOT) isozyme genes Got-1 and Got-3. Segregation distortion in several progenies suggested that Got-1 and Got-3 genes appeared to link with an S gene, since segregation distortion in the progenies was detected in reciprocal crosses and only when the pollen parents were heterozygous for the genes. Based on the presence or absence of distorted segregation in progenies from 52 crosses with many Citrus cultivars, Ngo et al. (2011) estimated the existence of eight alleles for the S gene. Ngo et al. (2010) carried out controlled pollination with a restricted number of pollen grains (about 100 pollen grains per stigma) to verify the estimated S genotypes of the Citrus cultivars on the basis of pollen tube growth behavior in the pollinated styles, and reported that pollen tube behavior coincided with the predicted semi-compatible crosses and fully compatible crosses. They also suggested from the result of restricted pollination with about 100 pollen grains of 'Banpeiyu' (S 1 S 2 ) that pummelo plants have S 1 and S 2 alleles with high frequencies.
There have been many reports about pollen tube arrest in self-incompatible pistils. Generative cell division occurs by three days after pollination in compatible tubes, but only rarely in incompatible tubes in Citrus (Kahn and DeMason, 1988) and almost all own pollen tubes were arrested in the styles (Wakana et al., 2004; Yamamoto et al., 2006) . In pistils of self-incompatible Citrus plants pollinated with their own pollen, no pollen tubes reached the ovaries (Kahn and DeMason, 1988; Ton and Krezdorn, 1967) . Ngo (2001) investigated pollen tube behavior in the self-pollinated pistils of 72 selfincompatible pummelo plants, 15 pummelo relative plants, three mandarin relative plants, and four yuzu relative plants. Of the 94 accessions examined, six showed pollen tube penetration into the ovaries, but the number of pollen tubes was less than four per ovary. The data suggested that in gametophytic SI, observation of pollen tube number in the style base or the lower onethird of the style 7 days after self-pollination is useful and crucial to identify whether plants are selfincompatible or not.
To estimate the S genotypes based on joint segregation analysis of Got-3 and S genes in Citrus (Ngo et al., 2011; Wakana et al., 1998) , a large number of zygotic seedlings were necessary for statistical analyses because of the linkage of the two genes with the relatively long distance of 31 cM. Reciprocal crossings between two cultivars are a necessary to estimate the existence of an S allele common to both cultivars by joint segregation analysis. Because of the existence of barriers for zygotic seedling production, such as nucellar embryony and male sterility, and because of high homozygosity for Got-3 genotypes in many cultivars and plants, the joint segregation analysis of progenies from reciprocal crosses was restricted to a few crosses with a few Citrus cultivars and plants.
At this stage, as we do not have any molecular information about S gene in Citrus, the usage of pollen of homozygous S 1 seedlings for the S gene is a useful and precise method to determine whether S alleles are present in a given cultivar or not, although various techniques and a long generation time are necessary for the production of homozygous S 1 plants (Kim et al., 2010a) . Wakana et al. (2004) produced S 1 seeds in several SI cultivars, including 'Banpeiyu'. In the present study, S 1 seedlings of 'Banpeiyu', the S genotype of which was defined as S 1 S 2 in a previous study (Ngo et al., 2010) , were produced, and homozygous genotypes of the S 1 seedlings were determined and used to examine pollen tube behavior in the styles of many cultivars and subsequently to determine whether they have S 1 and/or S 2 alleles.
Materials and Methods

Plant materials
Seventy-nine Citrus accessions, including 56 pummelo accessions (Citrus grandis (L.) Osbeck), were used for pollination to detect S 1 and S 2 alleles. The National Institute of Fruit Tree Science (NIFTS), Kumamoto Prefectural Fruit Tree Experiment Station (KUPFTES), and Kagoshima Prefectural Fruit Tree Experiment Station (KPFTES) provided most Citrus cultivars included in these accessions. Most Japanese pummelo accessions were collected from more than 100-year-old trees growing on Kyushu Island proper, Hirado Island, Nagashima Island, and Amami Oshima Island (request the corresponding author for further information about the tree age and collection sites of these accessions). Selfincompatibility in all of these accessions was determined by Ngo (2001) through the observation of pollen tube arrest in their style base 7 days after self-pollination.
Self-incompatible 'Banpeiyu', whose S genotype is defined as S 1 S 2 (Ngo et al., 2010) , was used for the production of self-fertilized (S 1 ) seedlings homozygous for the S 1 and S 2 alleles in 2002 (Wakana et al., 2004) . The flower buds of 'Banpeiyu' were bagged one day before anthesis. The next day, fresh pollen on the dehisced anthers was directly used for self-pollination, which was performed with young flower buds when the bud length was half of that just before anthesis and the stigmatic exudate was not secreted (Wakana et al., 2004) . The self-pollinated young flower buds were bagged to prevent outcross, and the self-pollinated fruits allowed to grow were harvested in November. The self-fertilized embryos derived from the fruit were immediately germinated on wet filter paper under 25℃, transplanted into pots filled with commercial soil for fruit trees and allowed to grow in a greenhouse until March of the next year. The growing self-fertilized seedlings were topgrafted onto adult trees of 'Hashimoto Wase' satsuma mandarin, and allowed to grow for six years until their flowers were available for pollination.
Pollination of self-fertilized (S 1 ) seedlings with 'Banpeiyu' and pollination between S 1 seedlings To distinguish homozygous S 1 seedlings (S 1 S 1 and S 2 S 2 ) from heterozygous S 1 seedlings (S 1 S 2 ) for the S gene, all S 1 seedlings were pollinated with 'Banpeiyu' (S 1 S 2 ). The normal pistils of emasculated flower buds just before anthesis were chosen for pollination. The pistils were sufficiently hand-pollinated with the fresh pollen of 'Banpeiyu', until the stigma surface changed to perfect yellow color. The fresh pollen was collected according to the procedure mentioned above.
To distinguish one homozygous S genotype (S 1 S 1 ) from another (S 2 S 2 ) in S 1 seedlings determined to be homozygous for the S gene, pollinations between the homozygous S 1 seedlings were carried out according to the procedure similar to as mentioned above.
Pollination of homozygous S 1 seedlings to Citrus cultivars (accessions)
To determine whether 78 Citrus accessions have S 1 and/or S 2 alleles, they were pollinated with homozygous S 1 seedlings of 'Banpeiyu' for one of the two alleles. Self-incompatible accessions (S n S n ) and semi-selfcompatible accessions (S f S n ) were randomly chosen and used to detect the two alleles and for research on the allele frequencies of S 1 and S 2 in Citrus. In each accession, two pollinations were carried out with 'Banpeiyu' S 1 seedlings with S 1 S 1 or S 2 S 2 genotype and used for the examination of pollen tube growth and seed setting. At least eight flower buds just before anthesis were used in each of the two pollinations in each accession. Three of the eight pollinated flowers were used for pollen tube observation, while the others were used for examination of the seed set rate in autumn.
Pollen tube observation and definition of S alleles
All of the pollinated pistils were collected 7 days after pollination, fixed in a solution of acetic acid alcohol (1 : 3 v/v) for one day, and then stored in 70% ethanol at 4℃ until use. The fixed pistils were softened in a solution of 0.8 N sodium hydroxide for one day at room temperature and stained with 0.1% aniline blue dissolved in 0.1 M tribasic potassium phosphate for one day at room temperature. The stained pistils were transversely cut into five parts (stigma, upper style, middle style, lower style, and ovary), and then each part was longitudinally bisected and squashed on microscope slides. In each pollination treatment, three pistils were examined for pollen tube growth with a Nikon E800 epifluorescence microscope (Nikon, Japan). The number of pollen tubes in each of the five parts was scored with the focus on the lower one third of the style. According to the nomenclature of S alleles by Soost (1969) , we used S n as the gene symbol of S allele in Citrus instead of S n .
Results
Firstly, 12 S 1 seedlings of 'Banpeiyu' were pollinated with 'Banpeiyu' to distinguish homozygous from heterozygous seedlings. Pollen tube growth was arrested in six S 1 seedlings in which the mean number of pollen tubes penetrating the lower part of the style ranged from 0 to 4.0 per style, with the exception of 27.0 in S 1 seedling BS 1 -2 (Table 1) . A large number of pollen tubes were observed in the other six S 1 seedlings, in which the mean number of pollen tubes penetrating the lower part of the style ranged from 118.0 to 373.7, with an average of 234.8 per style. Here, the six S 1 seedlings that arrested 'Banpeiyu' pollen tube growth were determined to be heterozygous (S 1 S 2 ) for the S gene, while the other six S 1 seedlings that did not arrest were homozygous (S 1 S 1 or S 2 S 2 ).
When 11 S 1 seedlings of 'Banpeiyu' were pollinated 
with 'Banpeiyu', six S 1 seedlings that arrested 'Banpeiyu' pollen tube in their styles did not set fruit, whereas five S 1 seedlings that did not arrest set fruit (Table 1 ). In the five S 1 seedlings, the mean number of seeds per fruit ranged from 64.0 to 139.0 with an average of 103.6. These results coincided with those of pollen tube behavior in S 1 seedlings.
Secondly, homozygous genotypes of two seedlings (BS 1 -29 and 44 in Table 1) were used for genotyping the other S 1 seedlings. When BS 1 -44 was pollinated with BS 1 -29, about 300 pollen tubes penetrated the style base, indicating cross compatibility (Table 2) . Here, the genotypes of BS 1 -29 and BS 1 -44 were defined as S 1 S 1 and S 2 S 2 , respectively. 2000). s Fresh pollen was collected from BS 1 -29 for S 1 S 1 , BS 1 -44, 45, 51 for S 2 S 2 , and BS 1 -56 for S 1 S 2 . All of the pollinated pistils were collected 7 days after pollination. r The existence of S 2 allele was determined on the basis of the results of controlled and restricted pollination in the same cross carried by Ngo et al. (2010) , since 129.0 'Banpeiyu' pollen grains placed on the stigma of Nagashima No. 7, average of 17.7 pollen tubes penetrated the style base. q The estimated S genotype within parentheses is based on the report of Ngo et al. (2011) , and the others used the following reports: 410 Thirdly, S-genotyping of all S 1 seedlings was carried out to investigate the inheritance of the S gene. When 17 S 1 seedlings except BS 1 -44 were pollinated with BS 1 -29 (S 1 S 1 ), a large number of pollen tubes penetrated the lower styles of 11 S 1 seedlings and a few pollen tubes, less than five, penetrated the lower style of six S 1 seedlings ( Table 2 ). The results suggest that the S genotypes of the 11 S 1 seedlings are S 2 S 2 and those of the six are either S 1 S 1 or S 1 S 2 . When the six S 1 seedlings 25, 32, 36, 40, 46) were pollinated with BS 1 -56 (S 1 S 2 ), three (BS 1 -25, 32, 46) arrested pollen tube in their styles and the other three (BS 1 -6, 36, 40) allowed Table 4 . Fruit set and seed content in crosses between the determined Citrus cultivars with or without S 1 and/or S 2 alleles and 'Banpeiyu' S 1 seedlings used a pollen parent.
z Fresh pollen was collected from BS 1 -29 for S 1 S 1 , BS 1 -44, 45, 51 for S 2 S 2 , and BS 1 -1, 2, 28, 31, 33, 56 for S 1 S 2 . y FCC, fully cross-compatible; SCC, semi-cross-compatible; CI, cross-incompatible.
x Based on the results of the normal growth of pollen tubes penetrating the style base; however, the three crosses with BS 1 seedlings with S 1 S 1 , S 2 S 2 , or S 1 S 2 genotypes showed cross incompatibility. (Table 2) . Crosses between homozygous S 1 seedlings with different S genotypes resulted in fruit set, but crosses between homozygous S 1 seedlings with the same S genotype resulted in no setting of fruit (Table 2) . Combining the S-genotyped S 1 seedlings described in Table 1 and Table 2 , 25 seedlings were used for genetic analysis for the S gene. The segregation ratio of 9 : 16 for heterozygous : homozygous genotypes in these S 1 seedlings of 'Banpeiyu' indicated that the selfincompatibility in 'Banpeiyu' appeared to be controlled by a single codominant S gene: the statistical analysis of the observed ratio was significant for the single codominant S gene (expected ratio = 1 : 1, χ 2 = 1.96, P = 0.1615), but not for double codominant genes (expected ratio = 3 : 1, χ 2 = 20.28, P = 0.000007) (Tables 1 and 2) . The segregation ratio of 4 : 9 : 12 for S 1 S 1 :S 1 S 2 :S 2 S 2 genotypes in the S 1 seedlings of 'Banpeiyu' was statistically skewed from the expected 1 : 2 : 1 segregation ratio (χ 2 = 7.08, P = 0.0290).
Of 76 Citrus accessions pollinated with BS 1 -29 (S 1 S 1 ), 22 showed pollen tube arrest in the basal part of their styles (Table 3 ). The number of pollen tubes penetrating the basal part of their styles ranged from 0 to 12.7 per style. On the other hand, 54 of the 76 accessions showed normal pollen tube growth in their styles, i.e., a high number of pollen tubes penetrated the basal part of their styles, ranging from 43.7 to 960.7 per style (Table 3) . Except for Tachibana No. 1, no fruit set in the four cultivars pollinated with S 1 pollen (Table 4 ). Of the 53 accessions that allowed the normal growth of S 1 pollen tubes, 'Clementine', 'Hassaku', and 'Yuge-hyokan' pollinated with BS 1 -29 (S 1 S 1 ) set fruit with many perfect seeds, ranging from 22.0 to 55.3 seeds per fruit (Table 4) .
Of 74 accessions pollinated with BS 1 -44, 45, and 51 with the homozygous S 2 S 2 genotype, 15 accessions arrested the S 2 pollen tube in the base of their styles: a few pollen tubes penetrated the lower styles, with about two pollen tubes per style on average (Table 3 ). In 59 of the 74 accessions, S 2 pollen tubes grew normally and penetrated the base of their styles, with pollen tubes ranging from 76.0 to 547.7 per style (Table 3) . No seeded fruit set when six of the 15 accessions arresting S 2 pollen tubes in their styles (Ipoh No. 1, Ipoh No. 3, Ipoh No. 5, 'Sekitoyu', 'Shatienyu', and 'Kawano Natsudaidai') were pollinated with S 2 pollen of homozygous BS 1 -44, 45, or 51 for S 2 allele (Table 4 ). On the other hand, fruit set occurred with many perfect seeds, ranging from 3.0 to 183.0 seeds per fruit, when six accessions that allowed normal growth of S 2 pollen tubes in their styles were pollinated with BS 1 -44, 45, or 51 (S 2 S 2 ).
Eighteen accessions pollinated with heterozygous BS 1 seedlings (S 1 S 2 ) set seeded fruits with the range from 23.5 seeds per fruit for 'Clementine' to 168.7 seeds per fruit for 'Bansei Seam Buntan' (data not shown). When Tachibana No. 1 was pollinated with each of the BS 1 seedlings with different genotypes (S 1 S 1 , S 1 S 2 , or S 2 S 2 ), all the pollinated flowers abscised about 10 days after pollination. In this case, neither S 1 nor S 2 pollen tubes were arrested in the style, i.e., a high number of pollen tubes penetrated the style base. The average number of pollen tubes penetrating the style base was 135.7 for Tachibana No. 1 × (S 1 S 1 genotype) cross (Table 3) , 108.1 for Tachibana No. 1 × (S 2 S 2 genotype) cross (Table 3) , and 104.7 for Tachibana No. 1 × (S 1 S 2 genotype) cross (data not shown).
Discussion
A large number of Citrus plants, except papeda, citron, and lime, are self-incompatible Yamamoto et al., 2006) and seem to have highly allelic diversity for the self-incompatibility gene, since Soost (1969) estimated the presence of a single codominant S gene with at least eight S alleles in a small number of Citrus plants used for crossings. The present analysis of segregation of S 1 seedlings with S 1 allele and those with S 2 in self-pollinated 'Banpeiyu' supports that the Citrus self-incompatibility system was controlled by a single multi-allelic locus and the S alleles were codominant in pistils. Although the segregation ratio for S 1 S 1 :S 1 S 2 :S 2 S 2 genotypes in these S 1 seedlings of 'Banpeiyu' was statistically skewed, this may have been mainly due to the small number of S 1 seedlings analyzed.
Based on the S 1 and S 2 pollen tube behaviors in the styles of the 79 target accessions, including 'Banpeiyu', it has been determined that 23 and 16 accessions have S 1 and S 2 alleles and 54 and 59 accessions do not have S 1 and S 2 alleles, respectively ( Table 5 ). The 23 accessions that arrested S 1 pollen tube growth in their styles or had S 1 allele included four cultivars, 'Anseikan', 'Hyuganatsu', 'Shishiyuzu', and 'Tosa Buntan', that were thought to have S 1 allele by Ngo et al. (2011) . 'Hyokan' and 'Zadaidai', which were roughly estimated to have one S 1 allele in previous studies (Ngo et al., 2010; Ngo et al., 2011) , did not have it. Six accessions, 'Banpeiyu', 'Iriki Buntan', 'Kaopang', Nagashima No. 6, Nagashima No. 7, and 'Soyu', had been determined to have S 1 and S 2 alleles. In these categories, classified on the basis of the presence or absence of S 1 and/or S 2 alleles, the frequency of accessions is 29.9% (23 of 77 accessions examined) for S 1 allele, 21.3% (16 of 75) for S 2 allele, and 8.3% (6 of 72) for S 1 S 2 genotype (Table 5) . For S f S 2 genotype, the frequency is 2.5% (2 of 79 accessions examined: 'Kawano Natsudaidai' and 'Kinukawa') and 18.2% (2 of 11 semi-self-compatible accessions; two clonal sweet orange cultivars were counted as one genotype).
The S 1 and S 2 alleles are widely seen in pummelo accessions, but are more frequently seen in pummelo plants collected from Kagoshima proper, Amami Oshima Island, and Nagashima Island (Table 5) , i.e., 9 of 16 accessions (56.3%) for S 1 and 5 of 16 (31.3%) for S 2 .
This may be related to the introduction of pummelo plants from restricted areas and subsequent seed propagation and selection of pummelo plants from a limited number of pummelo plants that may have been of higher quality than the others; however, there are few papers on the introduction of pummelo plants from abroad during the Muromachi period to the Edo period (1392-1868) in Kagoshima (Satsuma). The same may be said of the high rate (50.0%) of Yatsushiro pummelo accessions with S 1 allele (Table 5) .
S 1 allele frequency is 16.4% (23 of 140 S alleles except S f allele listed in Table 3 ), and S 2 allele frequency is 11.6% (16 of 138 S alleles except S f allele listed in Table 3 ). According to Kim et al. (2010a) , S 9 allele in 'Hirado Buntan' (S 9 S 10 ) exists in one of three semi-selfcompatible cultivars (three S n alleles but not three S f alleles), but neither S 9 nor S 10 alleles exist in seven SI cultivars (14 S n alleles) and eight SI pummelo plants collected from Hirado Island (16 S n alleles). Hence, S 9 allele frequency is 5.7% (2 of 35 S n alleles including two S alleles of 'Hirado Buntan') and S 10 allele frequency is 2.9% (1 of 35 S n alleles including two S alleles of 'Hirado Buntan'). It is concluded that S 1 and S 2 allele frequencies are high compared with S 9 and S 10 allele frequencies. Further investigations of other S alleles in SI accessions will give more detailed information about the interpretation of S allele frequencies and variations.
In all three pollinations of Tachibana No. 1 with S 1 seedlings with different S genotypes (S 1 S 1 , S 1 S 2 , and S 2 S 2 ), pollen tube growth in the style was normal (Table 3) , but the pollinated flowers abscised about one week after pollination. This suggests that the abscission of pollinated flowers is not due to cross-incompatibility controlled by S gene. A similar cross-incompatibility phenomenon in Citrus tachibana was reported by Ueno (1978) in C. tachibana × 'Hassaku' and C. tachibana × 'Natsudaidai' crosses, but he reported that the reciprocal cross of each of the two crosses was compatible or produced seeds. These findings of unilateral cross incompatibility also demonstrate that cross incompatibility is not controlled by S gene, although the detailed mechanism of unilateral incompatibility in the crosses with C. tachibana as a pistillate parent is not known at present. Except for Tachibana No. 1, the fruit set rate and the seed content per fruit in each of the accessions pollinated with S 1 or S 2 pollen are consistent with their Table 5 . Rates of accessions with S 1 and/or S 2 alleles in each group of Citrus. z See Table 3 for the details of group No. y 'Banpeiyu' (S 1 S 2 ) is included.
x Two sweet orange cultivars were examined for S 1 and S 2 , but the cultivars were counted as one genotype here since they are considered to be genetically identical clones of S gene. 
